Gamma-ray astrophysics in the MeV energy range plays an important role for the understanding of cosmic explosions and acceleration mechanisms in a variety of galactic and extragalactic sources, e.g., Supernovae, Classical Novae, Supernova Remnants (SNRs), Gamma-Ray Bursts (GRBs), Pulsars, Active Galactic Nuclei (AGN). Through the development of focusing telescopes in the MeV energy range, it will be possible to reach unprecedented sensitivities, compared with those of the currently operating gamma ray telescopes. In order to achieve the needed performance, a detector with mm spatial resolution and very high peak efficiency is required. It will be also desirable that the detector could detect polarization of the source. Our research and development activities in Barcelona aim to study a gamma-ray imaging spectrometer in the MeV range suited for the focal plane of a gamma-ray telescope mission, based on CdTe pixel detectors arranged in multiple layers with increasing thicknesses, to enhance gamma-ray absorption in the Compton regime. We have developed an initial prototype based on several CdTe module detectors, with 11x11 pixels, a pixel pitch of 1mm and a thickness of 2mm. Each pixel is stud-bump bonded to a fanout board and routed to a readout ASIC to measure pixel position, pulse height and rise time information for each incident gamma-ray photon. We will report on the results of an optimization study based on simulations, to select the optimal thickness of each CdTe detector within the module to get the best energy resolution of the spectrometer.
INTRODUCTION
Gamma-ray observations of the Cosmos reveal the most violent phenomena in the Universe, related with stellar thermonuclear explosions and relativistic particle acceleration. Gamma rays can only be gathered from space, with missions like ESA's INTEGRAL, launched in 2002 and now in orbit. INTEGRAL has made a great step forward with respect to previous missions, like CGRO (Compton Gamma Ray Observatory). The INTEGRAL/SPI spectrometer, with its excellent energetic resolution and moderate spatial resolution, has been able to map antimatter in the Galaxy (from the analysis of the 511 keV emission from electron-positron annihilation), as well as to observe red and blue shifts in the 26 Al line ( 26 Al is a long lifetime radioactive nucleus, mainly produced in supernova explosions, which emits a 1.8 MeV photon when it decays) correlated with galactic rotation, to mention just a couple of outstanding examples. However, a significant increase in sensitivity in the MeV range is essential to detect the broad lines from radioactive nuclei in supernovae and novae (e.g., 7 Be at 0.478, 56 Co at 0.847, 44 Ti at 1.157, 22 Na at 1.275 MeV) a not achieved objective of INTEGRAL. The detection of photons in the MeV range is particularly challenging, since at this energy matter-radiation interaction is mainly through Compton scattering, which has the lowest cross-section (as compared to photoelectric absorption and pair creation, at lower and higher energies respectively) and also is hard to handle. To make things even more complicated, lines from nucleosynthesis in individual objects (e.g., explosions) are broad. All in all, there have been much less detections in this range than at higher energies, because of the relatively poor advance in sensitivity for (broad) lines during the last decades at energies around 1 MeV (INTEGRAL/SPI vs. CGRO/COMPTEL), as compared to the improvements at higher energies (e.g. GLAST vs. CGRO/EGRET) or lower ones (INTEGRAL/ISGRI vs. GRANAT/SIGMA). A significant increase in sensitivity in this complicated but essential domain of gamma-rays needs of both an increase in effective area and a reduction of instrumental background, so that research in both directions should be pursued. There are two parallel and complementary approaches to the problem:
• Decoupling of the collecting area and the detection volume, i.e., the photon collecting area can increase without a larger detector volume, thus improving the signal without increasing much the noise (instrumental background); this is feasible with the novel concept of focusing gamma-rays with a Laue lens. A small FOV and a very good angular resolution are obtained, allowing for a study of nucleosynthesis in individual objects.
• Coupling of collecting area and detection volume, either with a modulating aperture system (e.g., spatial modulation with a coded mask, like in INTEGRAL/SPI) or with a Compton telescope (like in CGRO/COMPTEL). In both systems, an increase in the aperture leads to an increase in the background noise. However, electron tracking and improved background rejection techniques are under deep study and make Compton telescopes promising future instruments in the MeV range. They have the added advantage of large FOV able to monitor transient phenomena (and to detect diffuse emission), but of course with poorer angular resolution than coded masks or focusing lenses.
In the last few years we have been working on feasibility studies of future instruments in the gamma-ray range, from several keV up to a few MeV. The innovative concept of focusing gamma-ray telescopes in this energy range, should allow reaching unprecedented sensitivities and angular resolution, thanks to the decoupling of collecting area and detector volume. We cannot forget that high sensitivities are essential to perform detailed studies of cosmic explosions and cosmic accelerators, e.g., Supernovae, Classical Novae, Supernova Remants (SNRs), Gamma-Ray Bursts (GRBs), Pulsars, Active Galactic Nuclei (AGN). In collaboration with other institutes, we have proposed gamma-ray missions based on a Focusing Telescope: MAX project, submitted to CNES in 2004 [1] , GRI(Gamma-Ray Imaging) mission proposal, submitted to ESA Cosmic Vision Programme 2015-2025, in 2007 [2] , and the ongoing DUAL project [3] . The basic idea of a focusing telescope mission is to arrange two spacecrafts in formation flight. One spacecraft would carry the optics: a Laue diffraction lens able to focus the incoming gamma-rays into a focal spot at a given distance. The other spacecraft would carry a detector to be placed in the focal plane of the lens, to collect the focused gamma-rays. A position sensitive spectrometer with high efficiency an energy resolution (FWHM) of ~1% in the MeV energy range under simple operating conditions, is very attractive for this applications in high energy astrophysics.
DETECTOR DESIGN
The design of the detector for the GRI mission mentioned above, was based on a position sensitive spectrometer made of four-stacked layers of Cadmium Zinc Telluride. A thick top layer, optimized for the low energy band, and three bottom layers, each one 20mm thick to guarantee a total detection efficiency better than 70% for photons up to one MeV (see [4] for more details about the detector for the GRI proposal). Following the studies undertaken for the GRI proposal, we started research and development activities in Barcelona, in order to design and develop a gamma-ray imaging spectrometer based on Cadmium Telluride or Cadmium Zinc Telluride (hereafter, CdTe and CZT) in the energy range of about 100 keV up to a few MeV, with high sensitivity and good spatial and energy resolution for applications in astrophysics. Such a detector could be used as a focal plane detector of a Laue lens Telescope (e.g., GRI project), as a calorimeter for a Compton Telescope (e.g., MEGA project [5] ) or a combination of both designs (e.g., DUAL project). CdTe and CZT are very attractive materials for astrophysical gamma-ray imaging. Their high detection efficiency and the advantage of operating at room temperature, have motivated their use in past and current soft gamma-ray space missions: for example the instruments IBIS/ISGRI on board the INTEGRAL mission, BAT on board Swift, or the future mission NEXT.The considerable amount of charge loss in CdTe/CZT limits their spectral properties, although significant improvements have been done in the last years. There have been significant advances in overcoming the incomplete charge collection problem; for instance, Barret et al [6] have shown that if the pixel size is small in comparison with the detector thickness incomplete charge collection can be improved drastically. Likewise, studies on the ratio of the signal coming from the cathode and the anode can be used to correct the signal loss due to electron trapping [7] .
These and other methods, as well as the significant progress in the technology of crystal production, have made CdTe/CZT a very attractive material in a wide variety of fields and applications for different energy ranges. The photoelectric regime (10keV-~300keV) has been extensively studied, and the study in the Compton regime has become an important topic in recent years. Two different approaches have been reported to extend the high efficiency of the CdTe/CZT detectors to the MeV range with high-energy resolution: T.Takahashi et al [8] have adopted the idea of stacking several thin detectors of CdTe to obtain a good efficiency with high-energy resolution; He et al. [7] have performed extensive studies of 3-D position-sensitive detection in a monolithic CZT, so that they can get high energy resolution with high efficiency using a thick detector. As we discuss below, both options have their advantages and disadvantages which must be weighted for the design of our prototype [9] .
A stack of CdTe pixel detectors with different thicknesses
The design of our detector follows the initial idea of stacking CdTe detectors from Takahashi et al. This group reported the first results of a Si/CdTe Compton Camera prototype with several layers of thin CdTe (half millimeter) pixel detectors, obtaining an energy resolution of 7.3keV and 3.1keV (FWHM) at 511keV and 122keV, respectively [10] . In a half millimeter thick detector a sufficient bias voltage to collect all charge can be easily applied [11] . Therefore, no correction for the depth of interaction is needed, which represents a great advantage over thick detectors. On the other hand, to reach the MeV region with high detection efficiency, tens of centimeters of CdTe are needed (see Figure 2) . Thus, the number of thin layers (and consequently the global number of pixels) to guarantee high detection efficiency up to one MeV is a handicap for a space mission. The use of striped CdTe detectors instead of pixelated detectors reduces the number of channels significantly (from N 2 to 2N in each detector). Watanabe et al. have also reported an energy resolution of 1.8keV (FWHM) at 59.54keV with a striped CdTe detector of 0.5mm thickness [12] .
The design of our detector aims to reduce the number of stacked layers by increasing their thickness, in which case, to keep an acceptable level of energy resolution, we have to apply a depth of interaction correction. For a very thick detector, 3-D position sensitivity would be the optimal approach. He et al have reported an energy resolution better than 1% at 661keV with a pixelated detector of 10mm thickness [13] .
Our developments seek a compromise between the thickness and the energy resolution we can achieve for all detectors operating in a stack as a single detector. In the region of Compton regime (from several hundred keV), multiple interactions occur in the detector volume. In order to approach the predicted detection efficiency (see Figure 2) we should be able to identify and record multiple interactions for a given incoming photon. Furthermore, this information is critical for background rejection, which is essential for space detectors aimed for astrophysical applications. For a stack of thin detectors, multiple interactions should be reconstructed mostly between different detector volumes, while for a thick detector multiple interactions should be reconstructed mostly in the same detector volume. As we increase the thickness of the CdTe layers in a stacked detector we find both situations. In next section we discuss the results obtained with Monte Carlo simulations, with a special emphasis on the determination of the relationship between the thickness of the detector and the number of multiple interactions.
DETECTOR SIMULATIONS STUDIES
We had used the Geant4 Monte Carlo code [14] , and the MEGAlib [15] toolkit, to study the response of the focal plane detector (based on CdTe/CZT) of a focusing gamma-ray telescope [4] . Currently we are using this code to optimize the design of our prototype. Parameters such as the number of layers, thicknesses, distance between layers and size of the pixel are being studied.
A crucial property of a detector is its photopeak efficiency, defined as the fraction of events which end up in the photopeak of the measured energy spectrum. Figure 2 shows the photopeak detection efficiency of CdTe as a function of the thickness of the detector for different energies of the incident photons, calculated with Geant4 simulations. The photopeak efficiency assumes that gamma rays deposit all their energy in the detector volume and that all the charge generated in the detector is collected. [12] . The photopeak efficiency assumes that gamma-rays deposit all their energy in the detector volume and that all the charge generated in the detector is collected.
As mentioned above, the energy resolution of a pixelated detector can be improved with small enough pixels [6] , offering as well higher position resolution. On the other hand, small size pixels increase the fraction of multi-pixel events, as we show below, and this worsens spectroscopic performance. A compromise between spatial an energetic resolution must be found to optimize the pixel size and the detector's thickness.
Multiple Compton Scatter events in a pixelated CdTe detector.
In order to optimize the pixel size for a given thickness, it is necessary to estimate the size of the electron cloud that drifts to the anode, and compare it with the pixel pitch. Charge sharing between neighboring pixels needs to be investigated to determine its effect on energy resolution and multiple-pixel events for a given thickness. To address this objective a simulation of charge transport in CdTe detectors is being developed. Our first step in the simulation is to analyze the fraction of full energy peak events as a function of pixel number due to multiple Compton Scatter events. The simulations include particle tracking (photons, photoelectrons and Compton scatter electrons) regardless the diffusion of charge carrier during their drift towards the anode. The tracking of Cd and Te Kalpha fluorescence x-rays is also included.
The simulated CdTe crystal has a surface of 10mm X 10mm; in one case this area is divided in an 10x10 array and in another case in an 5x5 array, with a pixel size of 1mmx1mm and 2mmx2mm, respectively. Since we ignore charge transport, the gap between pixels is also ignored and it is assumed that the electrons created within one pixel are collected in that pixel. That is, deposited energy is discretized according to the size of the pixel.
With this simple model we plot the fraction of multiple-pixel photopeak events as a function of incident gamma-ray energy ( Figure 2 ) and of the thickness of the detector (Figure 3 ). As expected, Monte Carlo simulation predicts that the fraction of multiple-pixel photopeak events increases as the gamma-ray energy increases, for a given thickness, or as the thickness of the detector increases, for a given energy. If electron diffusion and the electron cloud size are taken into account, a decrease in the fraction of single-pixel photopeak is expected while the fraction of multiple-pixel should increase due to the phenomenon of charge sharing [16] .
As the fraction of multiple-pixel photopeak events increase, proper reconstruction of multiple-pixel events is required to get high detection efficiency, especially for high-energy gamma rays. As shown in Fig.2 and Fig.3 , increasing the size of the pixel can be used to reduce the fraction of multiple-pixel photopeak events, but the impact on the angular resolution (essential in an astrophysical instrument) due to a worse spatial resolution, should be studied. 
Spatial Energy distribution in a Stacked detector.
In addition to the study of the multiple-pixel photopeak events presented above, we are currently doing simulations to study the multiple events in all the layers of a stacked detector. We perform our Monte Carlo simulations using two basic geometries: (1) a stack of 12 layers of CdTe, with a thickness of 8mm for each layer; (2) a stack of 48 layers of CdTe, with a thickness of 2mm for each layer. We compare with a single layer of 96 mm thickness. In all cases we have assumed a detection area large enough to avoid geometrical effects due to the finite area of the detectors. Both figures show, for a given deposited energy, that the number of hits decreases as we penetrate the material. This decrease follows an exponential function. In the low energies, the peaks from the fluorescence in Cd and Te are crearly seen; we also can see the photopeak at the energy of the incident photons. 
RESEARCH AND DEVELOPMENT TOWARDS A PROTOTYPE

The 11x11 CdTe pixel detector
The basic structure of CdTe detector is Pt/CdTe/Pt with ohmic contacts for electron collection. The CdTe detector dimension is 12.15mm x 12.15mm x 2mm and was manufactured by Acrorad, Japan. The anode side was divided into 11x11 pixels with a pixel pitch of 1mm and a pixel size of 1mm x 1mm. A guard ring with a width of 0.5mm surrounds the pixels in order to reduce the leakage current caused mainly by the edge effects of the detector.
Due to the pitch difference between the pixels of the detector and the channels of the front-end ASIC (Application Specific Integrated Circuit) a pitch adapter or fanout board is required. The adaptation of this connection is carried out by an insulating glass substrate with metal tracks on its top. Two masks were designed for the fanout fabrication and both are superimposed in Figure 6 . The "metal" mask has the motives to define the metal tracks which will conduct the signal of each pixel to the corresponding channel of the ASIC. On the other hand, the "passivation" mask contains the motives which will protect these tracks. The fanout, in addition to provide an electrical connection, also provides mechanical support for the detector on the electronics board, while maintaining an effective isolation to the high bias voltage applied to the detector between these parts. Figure 7a shows the final result of the fanout board fabrication once the fanout wafer has passed with success the optical test and after being cut to proper dimension pieces. a) b) Figure 6 . Masks of the fanout board for the pixel detector. 121 bump pads are used for pixels and 6 bump pads are used for the guard ring. 
Fanout fabrication and test card assembly
The fanout board has been fabricated in the clean room facilities of the CSIC's National Microelectronics Centre (IMB-CNM-CSIC) following a homemade technology [17] . This technology has been successfully tested for the fanouts of the semiconductor tracker of the Atlas experiment at CERN [18] . A schematic view of the full technological process can be seen in Figure 8 . The process starts with a glass substrate with dimensions 74mm x 100mm x 300µm. After cleaning the substrate, a 1µm thick metal layer is deposited on the total surface by sputtering technique. The metal target used is aluminum (99.5%) and copper (0.5%) alloy. A positive photoresist is spin deposited on the top of the metal. This resist is then exposed to UV light through a previously fabricated mask ("metal" mask). Only the areas of the resist on top of undesired parts of metal are exposed to UV light. Later, a resist developer is applied to remove from the surface the areas of the photoresist that have been exposed to UV light. A wet metal etching proceeds to definition of the tracks, only metal areas protected by the resist layer are left on the surface of the glass plate. In the next step, the resist is removed from the top of the metal motives. These metal lines are then protected by a passivation layer with openings at the pads for bonding and at the pads for the stud-bonding. A passivation layer made of standard positive photoresist is spin deposited. A photolithography process is then defined by the "passivation" mask. This mask must be aligned with the previous photolithography to assure that passivation windows are opened on top of the bonding and stud-bonding pads. At the end of the process, a soft bake of the resist layer is performed in order to enhance the passivation. An adherence problem was detected during the stud-bumping process so that a Ni/Au electroless procedure was performed in the bump pads of the fanout in order to ensure a good stud bonding connectivity between detector pixels and fanout. This contactless technique [19, 20] is able to grow a specific metal thickness on the exposed metal surfaces. In our case a 2µm-thick layer of Ni and a 50nm-thick layer of Au were deposited on each contact pad. Once the detector is attached to the fanout board and confirmed that all pixels have good connection, the fanout pads are wirebonded to 121 input channels of the read-out chip. The readout electronics is based on the NUCAM ASIC developed by the Rutherford Appleton Laboratory (RAL) [21] . This is a 128 channel low-noise ASIC carries out the pulse-height and rise-time measurement for every detected interaction above a threshold. Data conversion is enhanced by the 12 bit ADC converter integrated in the chip. The digital result of this is output together with the channel number, interaction amplitude and collection-time estimate for the signal. A view of the detector and ASIC assembly as well as the required electronics to control the read-out chip in a test card is shown in Figure 4 . The test card includes external inputs for a variable calibration input by means of a pulse generator as well as connection to a National Instruments PCI-6534 high speed digital card to supply the required control signals of the ASIC. A data acquisition program, based on LabVIEW, is used to set the programmable functions of the chip and to store the data for a post-processing analysis.
ENERGY SPECTRA OBTAINED WITH THE NUCAM READOUT SYSTEM
Experimental setup.
The test card ( Figure 9 ) is set inside an aluminum box with the required input and output connections. The container is then emptied out of air to avoid any possible condensation and any damage in the system during the cooling process. The detector is cooled down in order to decrease the leakage current and apply much higher bias voltage than at room temperature (23ºC). The measured leakage current for a pixel at 23ºC and a bias voltage of -400V was 330nA average, whereas the leakage current was 0.6nA average at -10ºC and the same bias voltage. Obviously, the detector performance from the leakage current and shot noise point is improved at low temperature. When a stable operating temperature of -10C is reached, a bias voltage of -400V is applied to the common cathode of the pixelated detector and the acquisition is run. The values used for the programmable parameters of the NUCAM ASIC were: leakage current compensation= 1nA; shaping time= 7.5µs; ADC amplitude=350keV and collection time clock= 12 µs. We measured the gamma-ray response of the 11x11 CdTe array, by irradiating the detector with two radio-isotopes: 133 Ba and 241 Am, with activities 1µCi and 10µCi respectively. Due to the low activity of the radio-isotopes, an acquisition time close to five hours was necessary for each measurement. In order to provide a homogeneous beam, at least in the center of the detector, the uncollimated isotopes were placed at a distance of ~30mm from the center of the detector in the cathode side. Figure 4 shows the results from the test of one of the CdTe detectors with a 133 Ba source (-400V bias and -10C). The 121 pixels of the 11x11 array were properly connected to the readout system. For this specific detector, we obtained a good response for almost all pixels.
Energy spectra test with the 121 pixels detector.
The ADC values were measured according to test pulse amplitude for all channels of the NUCAM ASIC, and we calculate the gain and pedestal of each. Figure 11 shows the spectra of 133 Ba obtained with the 3x3 array central after gain correction, but without any rise time discrimination. We found some differences between pixels in this first measurement. Thus, for example the FWHM of the 356keV peak, in the first two panels of Figure 11 almost doubles the others. For one pixel (Figure 10 ), the measured photo peak energy resolution (FWHM) was 9.2% and 2.6% at 59.5keV and 356keV respectively. A report of the first tests of the 11x11CdTe pixel detector can be found in [9] . 
SUMARY AND OUTLOOK
Monte Carlo simulations of a gamma-ray imaging spectrometer in the MeV range, based on a stack of pixelated CdTe detectors are presented. Our simulation studies aim to determine feasible instrument configurations to achieve the sensitivity requirements of a space mission for nuclear astrophysics.
A prototype for such a detector is being developed. It consists of several layers of CdTe, with size 11.5mmx11.5mmx2mm. By now we have some working layers with readout electronics based on the NUCAM ASIC, which have been tested successfully with some radiation sources. First promising results, regarding spatial uniformity and energy resolution, are presented.
